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IMPROVEMENTS IN AND RELATING TO BIOSENSORS 



Field of the Invention 

This invention relates to biosensors, methods of sensing nitro-compounds and modified 
enzymes per se. In particular, but not exclusively the invention relates to biosensors, methods 
of detecting nitro-compounds and modified enzymes useful in detecting explosives. 

Background to the Invention 

Biosensors generally comprise a class of devices that recognise a desired compound (analyte) 
in a sample and generate a signal which can be resolved to determine the concentration of the 
compound within the sample. Most biosensors are based on their ability to distinguish a 
specific analyte, or limited range of analytes, without the need for separation or isolation. For 
example there are known biosensors which can detect the presence of particular compounds 
within a blood or water sample directly, thereby eliminating the need for a lengthy or complex 
purification steps to recover the analyte of interest. 

Many biosensors rely on the coupling of a recognition system with an electrochemical or 
optical transducer to produce an electrical or optical signal or impulse when the recognition 
system recognises an analyte, which is then used in analyte concentration determination. 
Electrochemical transducers used in biosensors include potentiometric and amperometric 
transducer mechanisms. Optical based transducer mechanisms include fluorescence, 
phosphorescence and a simple colour change. 

In potentiometric-based b iosensors the accumulation of charge density at the surface of an 
electrode is measured and is representative of the concentration of analytes to which a 
biosensor is exposed. In amperometric sensors, electrons that are exchanged between a 
biological system and an electrode generate a current which may be monitored to determine 
the concentration of analytes within their sample. Amperometric sensors are commonly 
employed in blood glucose and ethanol sensors, as well as other devices which monitor 
compounds of biological significance. In many biosensors a biological recognition molecule 
performs part of the sensor. The biological recognition molecule may be a nucleic acid 
sequence, an RNA, or more commonly a protein such as an enzyme or antibody. The 



biological recognition molecule binds specific analytes, or a limited range of analytes, and is 
therefore ideally suited for selective detection of specific analytes. 

Charge transfer is either accomplished by low molecular weight redox co-factors, such as the 
5 NAD + /NADH or by the direct interaction of the redox centres of proteins. Both types of 
biochemical charge transfer reactions have been previously coupled to redox electrodes. 
Electrochemistry provides a useful tool for studying the redox chemistry associated with 
enzymes. A method that can be used to evaluate electron transfer between enzymes and an 
electrode is the indirect method of using a small redox molecule serving as an electron 
10 transfer co-factor. The scheme of the electron transfer coupling is illustrated in figure 1, 
where the enzymatic (E<JEr) reaction for the oxidation (or reduction) of the substrate is linked 
to the electrochemical reduction (or oxidation) of the co-factor (C</C R ) by the electrode as a 
final electron acceptor (or donor). The enzyme catalysed electrochemical oxidation (or 
reduction) of the substrate is called bioelectrocatalysis. 

15 

The enzyme electrode is a combination of any electrochemical probe (amperometric, 
potentiometric or conductometric) with a thin layer (10-200|jm) of immobilised enzyme. In 
these devices, the function of the enzyme is to provide selectivity by virtue of its biological 
affinity for a particular substrate molecule, 

20 

However there are problems in attaching many biological recognition molecules to 
biosensors. Many biological recognition molecules such as enzymes, and antibodies have 
"active sites" which must be presented to the analyte in order for the analyte to bind the 
biological recognition molecule. For many biological recognition molecules, attachment to a 
25 biosensor may obscure or hinder the active sites, and therefore render the biological 
recognition molecule less effective, or, in some cases, inactive. 

Of growing interest is the detection of nitro compounds present in many explosives and 
explosive precursors such as fertiliser. 

30 

Interest is growing not only for the detection of buried munitions from previous wars, but also 
through interest in detecting explosives on a person's body, a person's possessions, vehicles 
and structures. 



For buried or unexploded munitions, there is a great hazard that members of the public 
working in areas where the explosives are buried, may plough up or step on unexploded 
ordinance, without being aware that explosives are present at all. 

Currently there are sensing systems available to detect explosives, which include for instance 
the system described in US 5972638, in which a modified organism of the Pseudomonas 
species ox Bacillus species are sprayed onto ground b elieved to contain buried explosives. 
The ground is gently irradiated before spraying on the organism, in order to increase 
explosive vapour concentration in the soil. This system is relatively expensive, and requires 
equipment in the form of crop spraying aircraft, spraying devices and irradiation devices. 
Furthermore, the ground requires substantial quantities of modified organism to be sprayed 
onto the surface, in order that a detectable signal is achievable. 

In WO 97/03201 and GB 2303136, nitroreductase enzymes per se are purified and used to 
detect nitrates in samples of soil or otherwise, by way of a calorimetric method. The 
nitroreductase used in these patents is a pentaerythritol tetra nitratereductase, which is specific 
only for PETN. Furthermore, the concentration level of nitrates which can be detected is 
relatively high and in order for detection to take place, a soil sample must be removed from 
the ground, and taken away for a relatively time consuming and complicated assay procedure. 

It would therefore be advantageous to provide a biosensor, able to detect explosives in situ, 
whether in soil or other ground material, or in a sample of material. 

It would furthermore be advantageous to provide a highly sensitive detection system for nitro- 
compounds commonly present in explosives and fertilizers, which is able to detect in at least 
the nanomolar, but more preferably the picomolar concentration range. 

It is an aim of preferred embodiments of the present invention to overcome or mitigate at least 
one problem of the prior art, whether expressly disclosed herein or not. 



Summary of the Invention 



According to a first aspect of the invention there is provided a sensing device comprising an 
electrode comprising a noble metal layer, on which layer is located a biological material 
5 having nitroreductase activity. 

Preferably the noble metal layer comprises a noble metal selected from the group consisting 
of gold, silver, platinum, palladium, iridium, rhenium, ruthenium and osmium, or alloys or 
mixtures thereof. More preferably the noble metal is gold, platinum, or alloys or mixtures 
10 thereof, but is most preferably gold. 

The noble metal layer preferably comprises at least a top and bottom surface, and suitably the 
biological material is located on one of the top and bottom surfaces. 

15 Preferably the biological material is immobilised on the noble metal layer. The biological 
material is preferably present as a layer on the noble metal layer. The b iological material 
layer is preferably a self-assembled layer. 

Suitably the biological material comprises a plurality of sulphur-containing functional groups, 
20 preferably sulphydryl (-SH) groups. 

Suitably biological material is a protein. Suitably the protein is selected from an enzyme, 
antibody, receptor, antibody fragment, or binding protein, but is most preferably an enzyme. 

25 Preferably the enzyme is a nitroreductase. 

Suitably the nitroreductase is encoded by the nfnB gene (SEQ ID1) in Escherichia coli or the 
pnrA gene (SEQ ID2) in Pseudomonas putida. (the native enzymes are referred to hereinafter 
as "nfitB" and "pnrA" respectively). Suitably the nitroreductase is encoded by a nucleic acid 
30 sequence substantially as set out in SEQ ID1 or SEQ ID2. 



The biological material may be covered by a fluid permeable cover layer, preferably in the 
form of membrane. The cover layer may comprise a polycarbonate or polyacrylate material 



and is preferably between 1 and 100 fim in thickness, more preferably between 5 and 50 |wm, 
still more preferably between 8 |nm and 30 fim and most preferably between 10 and 20|im. 

The noble metal layer is preferably mounted on an insulating substrate. The insulating 
substrate may be selected from glass, quartz, silicon, insulating polymers, plastics, and 
mixtures thereof 

The noble metal layer may be connected on a surface not comprising the biological material, 
to one or more layers of conductive, semi-conductive or insulating material. Conductive and 
semi-conductive materials include metals, alloys, carbon paste, graphite and conducting 
polymers such as polpyrrole, polyaniline, polythiophene, polypyrimidine and the like for 
example. The one or more further layers may be located between the noble metal layer and 
the insulating substrate, when present. 

In particularly preferred examples the sensing device comprises a gold layer on which is self- 
assembled a layer of nitroreductase enzyme which has been modified to include a plurality of 
cysteine residues at a location on the enzyme which does not substantially interfere with the 
activity of the enzyme. 

The nitroreductase may comprise substantially the expression product of the nucleic acid 
sequence shown in SEQ ID3, which comprises the nucleotide sequence between the T7 
promoter and the T7 terminator of the pET-28a(+) plasmid containing the Escherichia coli 
K12 nfhB gene, in which 6 cysteine residues (a "Cys6" tag) have been inserted at the N- 
terminal end. 

Another preferred nitroreductase comprises substantially the expression product of the nucleic 
acid sequence shown in SEQ IDS, which is the nucleic acid sequence between the T7 
promoter and the T7 terminator on the plasmid pET-28a(+) containing the Pseudomonas 
putida JLR1 1 pnrA gene in which a Cys6 tag has been inserted at the N-terminal end. 

The amino acid translation products of SEQ ID3 and SEQ IDS are given in SEQ ID4 and 
SEQID6 respectively. Suitably the modified nitroreductase comprises a polypeptide 
sequence substantially as set out in SEQ ID3 or SEQ IDS. 




The nitroreductase may be operably associated with an electron mediator, such as a ferrocene, 
a phthalocyanate or the like, foe example. 

According to a second aspect of the invention there is provided a sensing system comprising a 
5 sensing device of the first aspect of the invention, mounted in an electrochemical cell. 

The electrochemical cell preferably comprises, in addition to the sensing device, a reference 
electrode. More preferably the electrochemical cell comprises both a reference electrode and 
a counter-electrode. 

10 

The reference electrode may comprise a Calomel electrode (Standard Calomel Electrode 
(SCE)), Hg/Hg2Cl 2 electrode and/or Ag/AgCl electrode, or any combination thereof. 
Ag/AgCl electrodes are preferred as they may be manufactured in various forms, for example 
discs, wires, rods, layers etc. 

15 

The electrochemical cell may comprise a housing constructed from glass, polystyrene or the 
like, for example. 

The sensing system may be operably connected to a measuring instrument, such as a 
20 voltammeter, amperemeter, cyclic voltammeter, or the like, for example. 

According to a third aspect of the invention there is provided a method of detecting nitro 
group-containing compounds, the method comprising the steps of: 

(a) providing a sensing device of the first aspect of the invention and a reference 
25 electrode; 

(b) applying a potential between the electrodes; 

(c) measuring the current; 

(d) contacting the sensing device with sample of substrate material to be tested; and 

(e) measuring the current change. 

30 

The method may comprise a further step (f) of subtracting the current change measured with a 
blank electrode from the valve obtained in step (e). The blank electrode may be the sensing 
device of the first aspect of the invention which either does not contain the biological 
material, or contains inactivated biological material. 



Depending on the physical type of the sensing device of the first aspect of the present 
invention, there may be a step between steps (a) and (b) of placing the sensing device in a 
measuring solution. In this case step (d) may comprise adding a sample of the material to be 
tested, to the measuring solution. 

According to a fourth aspect of the present invention there is provided a protein comprising a 
nitroreductase enzyme which has been modified to comprise a plurality of cysteine residues 
incorporated into its structure. 

According to a fifth aspect of the present invention there is provided an isolated nucleic acid 
sequence comprising a nitroreductase gene modified by the addition of a plurality of codons 
for cysteine residues. 

Suitably the nitroreductase gene is selected from the Escherichia coli K12 nfnB gene and the 
Pseudomonas putida JLR1 1 prnA gene. The nucleic acid sequences for the nfiiB and pnrA 
genes are given as SEQ ID1 and SEQ ID2 respectively and preferably the nitroreductase gene 
is encoded by a nucleic acid sequence substantially as set out in SEQ DDI and SEQ ID2. 
Suitably the cysteine codons are incorporated at or in the region of the 3' end of the nucleic 
acid. 

According to a sixth aspect of the present invention there is provided a nucleic acid construct 
comprising: 

(a) a promotor for the expression of a nitroreductase gene; 

(b) a plurality of codons for Cys residues; and 

(c) a nucleotide sequence of a nitroreductase gene; 

Suitably the nitroreductase promoter is the T7 promoter from pET-28a(+). 
Suitably the construct comprises the pET-28a(+) plasmid. 

Preferably the construct is a vector substantially comprising the nucleic acid sequences shown 
in SEQ ID3 or SEQ IDS, the reverse complement of the said sequences, the compliment of 
the said sequences, the reverse of the said sequences, or sequences having at least 60% 



sequence identity with the nucleic acid sequences of any one of the aforementioned 
sequences. 

By use of the term "at least 60% identity" it is therefore understood that the invention 
5 encompasses more than use of the specific exemplary nucleotide sequences. Modifications to 
the sequence such as deletions, insertions, or substitutions in the sequence which produce 
either: 

a) "silent" changes which do not substantially affect the functional properties of the protein 
molecule. For example, alterations in the nucleotide sequence which reflect Ihe degeneracy of 

10 the genetic code or which result in the production of a chemically equivalent amino acid at a 
give site are contemplated, or: 

b) promote improvements in activity or modifications in substrate specificity are also 
contemplated. 

15 A modification of the nucleotide sequence with an identity greater than 80%, preferably more 
than 85%, more preferably more than 90% and most preferably more than 95% of SEQ ID 1 
or 2 is envisaged. 

It has been surprisingly found mat the incorporation of cysteine resides in nitroreductases 
20 enables efficient incorporation of the nitroreductase onto a noble metal electrode which 
effects sensitivity of nitrocompound detection down to the picomolar concentration range. 
Most known nitrocompound detection system enable detection down to the nanomolar range 
only, and it is believed the conjugation of the nitroreductase and noble metal electrode via 
cysteine linkages enables optimal orientation of the enzyme on the electrode, leading to 
25 enhanced sensitivity. The immobilisation of nitroreductase onto noble metal electrodes via 
introduced cysteine residues, on the enzyme, is also relatively cheap and uncomplicated. The 
resultant sensing devices are able to be reused many times and can be used in situ, or in site to 
detect buried explosives in ground, or in samples taken from suspected explosive-containing 
materials. 

30 



EXAMPLES 



For a better understanding of the present invention and to show how embodiments are the 
same may be put into effect the invention will now be described by way of example only with 
reference the accompanying drawings in which: 

Figure 1 illustrates a general model of a modified electrode, showing the mediation of 
electron transfer. 

Figure 2 illustrates the pET-28a(+) plasmid; 

Figure 3 illustrates a partial nucleotide sequence of the pET-28(a)(+) plasmid from the 17 
promoter to the T7 terminator region; 

Figure 4 illustrates a graph showing the influence of a Cys 6 tagged nfiiB nitroreductase on a 
buffer solution containing 4-nitrobenzoate and its UV-viz absorbance spectrum; 

Figure 5 illustrates a bar chart showing the activity of a Cys 6 tagged nfiiB nitroreductase on 
various substrates; 

Figures 6A and 6B illustrate the activity of desalted and non-desalted forms of a Cys 6 
modified nfiiB nitroreductase in catalysing breakdown of 2,4- dinitroethylbenzene; 

Figure 7 illustrates activity of a Cys 6 modified nfiiB nitroreductase utilising ferrocene 
dicarboxylic acid as a cofactor; 

Figure 8 illustrates a plot of the activity against increasing concentrations of substrates of a 
Cys6 modified nfiiB nitroreductase; 

Figure 9 illustrates a cyclic voltammograms of a Cys 6 modified nfiiB nitroreductase 
immobilised on a golf slide and a control gold slide without attached enzyme; 

Figure 10 illustrates cyclic voltammograms of a Cys 6 modified nfiiB nitroreductase utilising 
ferrocene dicarboxlic acid as a cofactor; 




Figure 11 shows the amperometric response of a biosensor utilising nfiiB Cys 6 modified 
enzyme expressed from a construct at a fixed potential of +100mV; and 

5 Figures 12 A and 12B illustrate amperometric measurements of a Cys 6 modified nfiiB 
nitroreductase containing biosensor with 10, 30, 40 and 50 pmoles 2,4 dinitroetbylbenzene. 

Example 1 - Preparation of a plasmid comprising a modified nfiiB gene from Escherichia 
coli K12. Plasmids containing njhB genes from Escherichia coli K12 modified by addition of 
10 codons for a Cys 6 tag were prepared in the following manner. 

1.1 The procedure for obtaining the original DN A templates 

The DNA template was prepared by introducing cells Escherichia coli K12 into a solution of 
15 TE buffer pH 7.5 (Tris-Cl, ethylenediaminetetraacetic acid (EDTA)) (100 ul, 1%) in an 
eppendorf tube. The resulting suspension was mixed thoroughly and boiled for 5 min to 
break down the cell structure, releasing the DNA into the solution, and was then cooled on ice 
and centrifiiged for 2 min. The centrifuge was set to operate at 14000 rpm unless otherwise 
stated. 

20 

1.2 Polymerase chain reaction (PCR) protocol fo r the nitroreductase DNA 

The PCR protocol uses a standard commercial kit (ProofStart™, Qiagen, UK) according to 
the manufacturer's instructions. 

25 

Template DNA {Escherichia coli K12) (1 ul) was amplified by PCR using the standard 
procedure with primers conforming to SEQ ID7 (5 ul), and to SEQ ID8 (5 ul) 

The PCR system was programmed to run in the following manner. The system was held at 
30 95°C for 5 min in order to activate the DNA polymerase. The subsequent temperature cycle 

* 

consisted of 94°C for 30s to separate the DNA strands, 62°C for 1 min for annealing with the 
primers, 74°C for 2 min for replicating the double stranded DNA. This sequence was 
repeated for 35 cycles, after which the temperature was held at 74°C enabling any 
uncompleted double strands to complete. An aliquot of the solution was then run on a 1% 




agarose gel, in lx Tris-Borate-EDTA (TBE) buffer pH 8.2 containing ethidium bromide. The 
ethidium bromide acts as a stain enabling the molecular weight and purity of the DNA to be 
determined by viewing against a sample containing DNA fragments of known molecular size 
run in the same gel. The remaining DNA from the PCR was purified to remove the primers, 
nucleotides, polymerase, and salts, in preparation for other enzymatic reactions as follows. 

1.3 Purifying procedure 

The purification was carried out using a QIAquick® PCR purification kit (Qiagen, UK). The 
resulting solution contained the purified DNA. 

1.4 Cloninp; of the nitroreductase gene 



Ligation is the incorporation of the DNA into a plasmid. A good efficiency of ligation of 
foreign DNA into a plasmid can be achieved if both the plasmid and the insert DNA are cut 
15 with two different restriction enzymes, which leave single-stranded, cohesive ends. The DNA 
is thus ligated in only one predetermined direction. 

The PCR product (5 pi) was mixed with the appropriate restriction enzymes (2 pi of each), 
purified water (2 pi), and lOx appropriate restriction buffer solution (1 pi). A separate 
solution was made up of the expression plasmid pET-28a(+) (5 pi) (Novagen, UK; Figures 2 

20 and 3). The region between the T7 promoter and T7 terminator is shown in Figure 3. This 
was mixed with the same two restriction enzymes (1 pi of each) plus a third, EcaRI (1 pi), 
purified water ( 1 pi), and 1 Ox b uffer s olution ( 1 pi): the EcdRI digestion ensures that the 
pET28a(+) plasmid does not religate without an insert. Each solution was incubated at 37° for 
1 hour to allow the restriction digestion to occur, after which each was cleaned up according 

25 to section 1 .3. Both were dried under vacuum and redissolved in purified water (4 pi). 

The two solutions were then mixed and DNA ligase (1 pi), and ligase 1 Ox buffer solution 
(1 pl) 5 were added. This solution was then maintained overnight at 16°C for the ligation 
process. To c heck t hat the 1 igation o f t he P CR p roduct b etween t he T 7 p romoter a nd T 7 
30 terminator of pET-28(a)(+) was successful an aliquot of the ligation mix was digested with 
the appropriate restriction enzymes (1 pi each) as described above and subjected to agarose 
gel electrophoresis. 




The remaining ligation mixture was mixed with cells of competent E. coli DH5a (200 ul), an 
efficient s train o f E . coli for p lasmid m aintenance. In o rder t o t ransform t he r ecombinant 
plasmid into the competent cells, the mixture was left on ice for 30 min, was then heated to 
42°C for exactly 50 sec and then returned to ice for 2 min. The resulting culture was added 



5 to Luria-Bertani (LB) medium (500 ul), incubated at 37°C for 45 min, and then applied to the 
Petri dishes. 

1.5 Growing the colonies 

10 The solid medium consisted of LB agar containing the antibiotic kanamycin (50 ug/ml). This 
medium will only allow bacteria carrying the recombinant plasmid to grow, as a kanamycin 
resistance gene is an integral part of pET28a(+). The transformed E. coli culture was spread 
onto the plates in a range of different concentrations. Single colonies, which grew were then 
transferred to liquid LB medium (5 ml) containing kanamycin (50 ug/ml) and grown 

1 5 overnight at 37°C. 

1.6 Purification of me high-copy plasmids 

The recombinant plasmid was isolated from the overnight cultures after separating the cells as 
20 a pellet following centrifugation. A standard QIAprep Spin Miniprep Kit (Qiagen, UK) was 
used to purify the plasmid according to the manufacturer's instructions. 

The final step releases the plasmid in a purified state dissolved inlO mM Tris Cl, pH 8.5. The 
resulting solution contains the cloned nitroreductase gene DNA inserted witiiin plasmid pET- 
25 28a(+). This plasmid has been named pCDGl and encodes the NftiB protein with a His 6 tag 
at its N-terminus. 

1.7 PCR protocol for the incorporation of the Cvs* sequences. 

30 Using purified pCDGl as template DNA, the protocol for PCR was repeated using designed 
primers conforming to SEQ ID9 and to SEQ E)8: these contain six adjacent codons for Cys at 
the 3' end of the nitroreductase such that when the gene is expressed an amino acid sequence 
of Cys 6 is added to the N-terminus of the protein, between the His 6 -tag determined by 




pET28a(+) and the start codon of the nitroreductase. The same protocols as described above 
for cloning the modified gene, transforming it into E. coli DH5cc, and purifying it were used. 
The resultant plasmid was named pMKS2. 



5 Example 2 - Expression of the Cys 6 - modified nitroreductase enzyme prepared in section 
1 .7, coded by the modified nfnB gene located in plasmid pET-28a(+) prepared in Example 1 . 

2.1 Expression of the enzymes 

10 Using the protocol of Section 1.4, the plasmids prepared in Example 1 (2 \xl) were 
transformed into competent cells of the Rossetta strain of E. coli (200 jul), which is an 
efficient bacterium for the expression of heterologous genes. 

The b acteria c ontaining the p lasmids w ere grown o vernight at37°C in 5 00 ml of LB plus 
added kanamycin (50 fig/ml), until an optical density (O.D. 600 n m ) of 0.6 was achieved. 
15 Expression of the cloned genes was induced by addition of isopropyl-beta-D- 
thiogalactopyranoside (IPTG) (2 ml, 0.1 M: 0.4 mM< final) ), and grown for a further four hours 
at 37°C. 

The cells were then harvested by centrifuging (8000 rpm for 10 min) and the resulting pellets 
were placed on ice and resuspended in imidazole solution (10 mM, 10 ml) consisting of 

20 phosphate buffer (pH 7.4, 6.25 ml, 0.1 M), and imidazole (2 M, 0.25 ml), made up to 50 ml 
with d istilled w ater. T he r esulting s uspensions were t hen s onicated four t imes for 3 0s, t o 
break open the cells, whilst avoiding overheating the solution. The solutions were then 
centrifuged (35000 rpm, 5°C, for 45 min). The resulting solution contains the nitroreductase 
(NTR) and the pellet contains the cell debris. The solutions were then run on a sodium 

25 dodecyl sulphate-polyacrylamide gel electrophoresis to check that the protein was 
overproduced and that its molecular weight was as expected. 

2.2 The enzvme purification protocol 

30 The engineered proteins carry a His 6 tag at their N-termini, making it easier to purify the 
protein by eluting the solution through a nickel-agarose column, where the histidine residues 
bind to Ni 2+ embedded in the resin. His-tagged target proteins are thus selectively retained on 
the column of nickel agarose, and can be eluted (competitively removed) with imidazole, 
which competes for Ni binding sites, displacing the protein. 
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For elution from the column, imidazole solutions (8 ml) were prepared with increasing 
concentrations from 50 mM to 1 .0 M in sterile filtered distilled water. 

5 

The extract of the cells was added to the column dissolved in phosphate buffer containing 10 
mM i midazole. E lution w as c arried o ut a ccording t o t he m aker' s i nstructions ( Amersham 
Biosciences U.K.) using imidazole concentrations increasing in stepped amounts. Each eluate 
was collected in 1 ml samples (5 for each concentration) to avoid dilution. Finally, the 
10 column was washed with the remaining binding buffer (4 ml) and stored below 5°C ready for 
reuse. The second ml of each elute was run on a SDS-PAGE gel along with the sample flow- 
through and an induced unpurified sample. 



2.3 The removal of imidazole from the protein 

15 

The imidazole from the elution stages remains in the enzyme solution. It was removed, as 
stated below, and the nitroreductase (NTR) resuspended in Tris buffer pH 7.2 ready for use on 
the electrode surface. A PD-10 desalting column (Amersham Biosciences U.K.) which is a 
gravity-operated polypropylene column containing 8.5 ml of Sephadex™ G-25 Medium, with 
20 a bed height of 5 cm, used for desalting and buffer exchange and was used according to the 
manufacturer's instructions. 

♦ 

Example 3 - Characterisation of Enzyme Activity. The activity of the modified 
nitroreductase enzyme prepared in Example 1 was preferred as follows: 

25 

3.1 Nitroreductase assay 

A UV assay and associated spectra were carried out on the NTR obtained at the end of 
Section 2.3 in solution (sl.O \M? inaX \ 10 ul), in a cuvette with buffer tris-HCl pH 7.4 (50 
30 mM, 500 ul), NADPH (1 mM, 100 ul), nitroaromatic compound (substrate, various cone), 

o 

and flavin mononucleotide (FMN) (1 mM, 5 ul), made up to 1 ml with distilled water at 25 C. 



The spectra were collected at a scan rate of 500 nm/min between 220-500 nm resulting in 1 
min scans, and the assays were run at 340 nm for 2 min each, using an Uvikon 943 double 



* . -15- 

beam spectrophotometer. The parameters of the spectra and assays are as noted above unless 
otherwise stated. All spectral measurements were carried out against a blank consisting of the 
assay solution detailed above, but lacking the nitroreductase enzyme, and all assay 
measurements were carried out against a blank consisting of the assay solution lacking the 
substrate, unless otherwise stated. 

Example 4 - Preparation of an enzyme biosensor utilising the modified nitroreductase of 
Example 2. 

4.1 Preparation of the gold sheet for UV-vis 

Gold was used to prove the concept that the modified enzymes can be immobilised via the 
thiol groups to gold substrate and remain active after the immobilisation. Gold sheets were 
cleaned in a 50:50 mixture of concentrated sulphuric and nitric acid overnight. Desalted and 
non-desalted Cys-tagged NTR enzymes were each/separately a dsorbed onto a gold slide, 3 
mm by 5 mm. The gold sheet was left for 24 hours in the nitroreductase solution, and then 
immersed in buffer (pH 7) to remove any residual proteins. 

4.2 Electrochemical procedure 

Electrochemical measurements were performed using an Autolab PGstat3. The analysis was 
carried out with a three-electrode cell, using a Saturated Calomel reference electrode (SCE) 
and a platinum mesh counter electrode. All glassware was cleaned using a 50:50 mixture of 
concentrated H 2 S0 4 : HN0 3 followed by rinsing in purified water, cleaning in a steam bath, 
and drying in the oven. The working electrode was a gold slide with a self-assembled layer of 
the appropriate enzyme. 

The cell contained sodium phosphate buffer pH 7.1 (20 ml, 0.1 M), mixed with the co-factor 
dicarboxylic ferrocene (50 jjM). Additions of the substrate were made by pipetting the 
desired quantities and concentrations in through the top of the cell. 




The gold-coated glass slides obtained from Gold Arrandee™ / Au(l 1 1) uses the borosilicate 
glass (AF45) base material, which is 1.1 +/- 0.1 mm in thickness with the size of the glass 
5 slide being 11 x 11 +/- 0.2 mm. The special glass substrate is well suited for the flame 
annealing procedure which is used to obtain Au(l 11) terraces. A thin (2.5 +/- 1.5 nm) 
adhesive layer of chromium is applied to the glass surface. This layer guarantees optimum 
adhesion of the gold layer to the glass. On top of this thin Chromium layer a final gold layer 
is applied which is 250 +/- 50 nm thick. 

10 

Prior to use, the gold-coated slides were flame-annealed in a Bunsen burner until they attained 
red heat several times. After cooling in air for a short period of time, the slide was quenched 
in ultrapure water. The slides were then dipped into an enzyme-containing solution for 24 hrs 
at 5°C to assemble the layer of the enzyme. Each slide was then washed in tris-buffer prior to 
1 5 transfer to an electrochemical cell. 



5 Results and discussion 



5.1 Assay results 

20 

The influence of the nitroreductase on a buffer solution containing 4-nitrobenzoate (625 uM) 
was assessed using UV-vis; the nitroreductase (10 ul) was placed in the cuvette prior to run 2. 
The results are shown in Figure 4. 

25 The scans show a reduction in the intensity of absorbanceat3 40nmonthesecondscan, 
followed by reduction of the absorbance in subsequent scans, down to -0.29 absorbance units 
(a.u.). The peak at 300 nm (4-nitrobenzoate) increased in intensity on the second scan due to 
introduction and corresponding absorbance of nitroreductase, then decreased on subsequent 
scans. The use of increasing amounts of nitroreductase afforded a corresponding increase in 

30 NADPH conversion, indicating that the nitroreductase is responsible for the oxidation of 
NADPH. 




As substrates, 4-nitrotoluene, 2,4-dinitrotoluene, 2-ethylhexyl nitrate and nitrobenzene were 
good substrates whereas 4-nitrobenzoate, 1 ,2-dinitrobenzene and 2,4-dinitroethylbenzene 
were excellent substrates (Figure 5). 

5 Both desalted and non-desalted forms of the protein NfhB-cysl nitroreductase with cysteine 
tags as prepared hereinabove were adsorbed onto gold slides and scans of the activity towards 
2,4-dinitroethylbenzene (DNEB) (620 jumoles) were assessed. The results are shown in 
Figures 6A and 6B which clearly illustrate the effective catalysis by the desalted enzyme 
(Fig. 6A). 

10 

NADPH is not an efficient co-factor in electrochemical cells because the oxidised form 
NADP + produced in the enzyme-catalysed reaction cannot be stoichiometrically reduced to a 
biologically active form of NADPH electrochemically. For this reason ferrocene dicarboxylic 
acid (ljim) was used to eliminate this problem, as it exhibits good electrochemical 
15 reversibility. The results are shown in Figure 7, using 300jam DNEB with nitroreductase. 

The oxidation of the dicarboxylic ferrocene can be seen in the reduced absorbance with time 
at 280 nm indicating that the ferrocene derivative is being oxidised via the enzymatic 
reaction, hence, can be utilised as the nitroreductase co-factor. 

20 

5.2 Specific activity of nitroreductase 

The specific activity of nitroreductase was assessed by calculating the rates at different 
concentrations of substrate in association with the different nitroreductase concentration. The 

25 preferred substrate used for both the His-tagged nitroreductase from E. coli (NfiiB-hisl) and 
the further modified Cys-tagged enzyme (NfhB-cysl) was 2,4-dinitroethylbenzene (31 jjM). 
The protein concentration was calculated by placing a micro protein-PR™ reagent (1 ml) in 3 
cuvettes, a blank, a standard (500 mg/1), and a sample of nitroreductase. UV measurements 
were taken at 600 nm in accordance with the procedure. The unpurifed protein was compared 

30 against the purified protein. Four runs were performed for each volume of 5, 10, 15, and 20 
jlxI of protein. 




The activity for the enzyme NmB-hisl before purification was 0.22 ^moles/min/mg which 
rose to 4.65 umoles/min/mg following purification. Hence, the purification achieved an 
approximate average of 20-fold increase in activity, with the enzyme making up only 7.6% of 
the unpurifed solution. The relevant specific activities are tabulated in Table 1. 





Average total protein 


Average specific activity 


Protein 


(^ig/ml) 


(fimoles/min/mg) ■ 


NfnB-hisl 






Unpurifed 


5.23 


0.22 


Purified 


0.40 


4.64 


NfnB-cysl 






Unpurifed 


4.83 


0.18 


Purified 


0.18 


2.92 



Table 1 : The concentration and specific activity for the unpurifed and purified proteins NfnB-hisl and NfiiB-cysl 



dinitroethylbenzene. 

10 The protein with the Cys 6 tags (NfeB-cysl) showed that the insertion of the Cys residues 

reduced the activity by an average of «37%. After the removal of imidazole from the protein 
solutions containing the Cys tags, the proteins retained approximately 86% of its original 
activity. 



15 5.3 and V may of the nitroreductase 

In order to calculate the K m and V max values, a plot was constructed of activity in piM/min/mg 
against increasing concentration of substrates as shown in Figure 8. 

20 The resulting data was used to calculate the K m and values from Direct Linear method 
via an enzyme kinetics theory and practice software package (Enzpack). The resulting data 
was averaged and obtained with a 68% confidence level, as shown in Table 2 below. 



Proteins 


(}imol) 


(limol/min/mg) 


ratio 


Substrate 


NfnB-hisl 


27 


27 


0.99 


2,4-dimtroethylbenzene 


NfnB-cysl 


33 


27 


0.84 


2,4-dinitroethylbenzene 



Table 2 Resulting Km and V m „ values for the E coli nitroreductase 



25 



The values of K m and V max are specific to each enzyme however, the ratio V max /K m can be 
used to compare the enzyme efficiency, as shown in Table 2. The efficiency of the enzyme is 
ultimately limited by the rate of diffusion of the substrate to the enzyme and by the chemical 
events that occur in the active site of the enzyme. 

The number of moles of substrate converted to product per unit of time, known as the 
turnover number (Kc at ), also allows comparisons between the enzymes. The turnover number 
can be calculated from the following equation: 

V max = K cat i E Tot 1 

The average K^t of substrate for the two modified NfiiB was 6.4 x 10 2 mol/min/moles of 
enzyme. v 

5.4 Evaluation of the biosensor: voltammetry results 

Cyclic voltammograms were obtained for the unmodified gold electrode and the gold 
electrode modified with the desalted enzyme solution; a seal was made between the working 
electrode and the electrolyte solution with o-rings defining a geometric area of 0.6 cm 2 . The 
modification of the electrodes was achieved by immersing the gold slide, which is now the 
working electrode, in the enzyme solution (0.1 M phosphate butter, pH 7.1) for 24 hours, then 
thoroughly rinsing with sodium phosphate buffer. The results are shown in Figure 9. 

The reduction in the oxidation peak (oxidation of gold surface) at +350 mV is caused by the 
formation of the layer of enzymes blocking the electrode surface. The presence of the layer is 
also manifested by the large reduction in the current associated with the hydrogen evolution 
reaction at -400 mV. In order for the reaction (reduction of nitroaromatics) to proceed, a co- 
factor needs to be introduced into the solution. A voltammogram of the co-factor, 
dicarboxylic ferrocene (35|im) in 0.1 M phosphate butter, pH 7.1, was carried out to evaluate 
an appropriate potential to hold the amperometric sensor at, so that the dicarboxylic ferrocene 
could be reduced after it has been oxidised during the enzymatic reaction. The results are 
shown in Figure 10. 



Figure 1 1 shows the amperometric response of the biosensor with the NfiiB-cysl enzyme 
expressed from p MKS2 which w as e valuated at a fixed p otential of+lOOmVinaO.lM 



phosphate buffer (pH 7.1) and the co-factor was dicarboxylic ferrocene (10 mM, 200 pinoles). 
The working electrode was a gold slide modified with NfhB-cysl . and all potential values are 
quoted against a SCE. Prior to the injection of DNEB (20 ul of 2 uM solution of DNEB 
resulting in a concentration of 2 nM in the cell), the current was allowed to stabilise for 730 s 
until a steady state current was reached. After the addition of the DNEB sample, a slight 
increase in current was observed, thought to be due to convection caused by introducing the 
substrate. 

After the initial rise, the current becomes less positive by approximately lOnA. This drop was 
caused by the reduction of the ferrocenium dicarboxylic acid mat had been formed as a result 
of the oxidation of ferrocene dicarboxylic acid by the oxidised form of the nitroreductase. 
The current then starts to decay to a value close to the initial baseline value thus allowing 
successive readings to be taken. Further amperometric measurements were carried out with 
10, 30, 40, and 50 pmoles of DNEB corresponding to 0.5 nM, 1.5 nM, 2 nM, 2.5 nM 
respectively. The larger the amount of DNEB that is introduced into the system, the larger is 
the drop. A linear relationship is found between the magnitude of the current and the 
concentration of the analyte; thus providing a basis for an amperometric sensor. The results 
are shown in Figures 12A and 12B. No response was obtained when DNEB was not present 
in the analyte solution. 

Figure 12A shows amperometric data for the four different concentrations of DNEB at a 
potential of +100 mV in a 0.1 M phosphate buffer (pH 7.1), the working electrode was a gold 
slide modified with NfnB-cysl. DNEB samples were injected 100 s after applying the 
potential; the co-factor was ferrocene dicarboxylic (10 mM, 200 umoles). Figure 12B shows a 
plot of the magnitude of the current drop taken 70 s after the injection of DNEB from the data 
in Figure 12A against the concentration of DNEB. The plot is that of a straight line and shows 
a linear relationship between the magnitude of the current and the concentration of the 
analyte. 



The lowest concentration examined in this case corresponds to a concentration of DNEB i 
the parts per trillion range (ppt). 
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Example 6 

The above protocols and tests from Sections LI to 5.4 were performed utilising the 

« 

Pseudomonas putida JLR1 1 prnA gene conforming to SEQ ID2 in a pET-28a(+) expression 
5 vector comprising the expression sequence shown in SEQ ID4. The results again indicated 
that excellent sensitivity, in the picomolar range, was exhibited by the resultant biosensor. 

Conclusions 

10 The results illustrate that the introduction of the cysteine tags at the N-terminus does not 
reduce the activity in a way that (detrimentally affects/prevents) amperometric measurements, 
and that the tags were successful in the immobilisation of the enzyme to a gold surface, 
without t he 1 oss o f a ctivity. E vidence f or t he a ssembly o f t he n itroreductases o n t he g old 
surface was obtained by FTIR, UV-vis spectroscopy, and cyclic voltammetry. 

15 

The nitroreductase was shown to be active with a range of nitroaromatics and a nitro ester, 
namely 2-ethylhexyl nitrate, and afforded different rates of reaction for each substrate. The 
optimum pH (pH 7.1) and temperature (<40 °C) for the enzyme were established along with 
Km, Vmax, and turnover numbers (Kcat). 

20 

The response of the amperometric sensor was in the nanoamp range and detection was 
unexpectedly down in the parts per trillion region. The drop in current (and the rate of drop) 
was found to be proportional to the concentration of nitroaromatics in solution, and the 
system showed evidence of recovery after each sample, allowing successive samples to be 
25 taken. In addition, the enzyme remained activie when kept in the fridge for a period of two 
weeks. 
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SEQUENCE LISTING 



<110> university of Wales, Bangor 
Trwyn Ltd 



<120> improvements in and Relating to Biosensors 



<13 0> BA/S LH/ Y18 61 



<160> 9 

<170> Patentln version 3.1 



<210> 1 

<211> 654 

<212> DNA 

<213> Escherichia coli K12 



<400> 1 <rr\ 

atggatatca tttctgtcgc cttaaagcgt cattccacta aggcatttga tgccagcaaa 60 

aaacttaccc cggaacaggc cgagcagatc aaaacgctac tgcaatacag cccatccagc 120 

accaactccc agccgtggca ttttattgtt gccagcacgg aagaaggtaa agcgcgtgtt 180 

gccaaatccg ctgccggtaa ttacgtgttc aacgagcgta aaatgcttga tgcctcgcac 240 

gtcgtggtgt tctgtgcaaa aaccgcgatg gacgatgtct ggctgaagct ggttgttgac 300 

caggaagatg ccgatggccg ctttgccacg ccggaagcga aagccgcgaa cgataaaggt 360 

cgcaagttct tcgctgatat gcaccgtaaa gatctgcatg atgatgcaga gtggatggca 420 

aaacaggttt atctcaacgt cggtaacttc ctgctcggcg tggcggctct gggtctggac 480 

gcggtaccca tcgaaggttt tgacgccgcc atcctcgatg cagaatttgg tctgaaagag 540 
aaaggctaca ccagtctggt ggttgttccg gtaggtcatc acagcgttga agattttaac 

gctacgctgc cgaaatctcg tctgccgcaa aacatcacct taaccgaagt gtaa 654 

<210> 2 
<211> 826 
<212> DNA 

<213> pseudomanas putida JLRll 



600 
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<400> 2 



atgagccttc 


aagacgaagc 


actcaaagcc 


tggcaagccc 


gttatggcga 


gccagctaac 


fin 


ttacctgctg 


ccgacaccgt 


gatcgcgcag 


atgttgcagc 


atcgatcagt 


acgtgcctac 


120 


agcgatcttc 


ctgtggatga 


gcagatgctg 


agctgggcga 


tcgcggcggc 


ccagtcagcc 


180 

JLO VS 


tcgacttcct 


cgaacctgca agcttggagc gtgctcgccg tgcgggatcg cgagcgtctc 


7 ACS 


gcgaggcttg 


cccgactgtc 


cggtaaccag 


cgccatgtcg 


agcaggcacc 


gctgttcctg 


300 


gtctggctcg 


tggactggtc 


acgcctacgc 


cgactagcca 


gaacccttca ggcaccgact 




gcaggtatcg 


actatttaga aagctacacc gtcggtgttg tagatgcagc tctggccgct 




cagaacgccg 


cactagcttt 


cgaggcccaa 


ggactgggaa 


tcgtttacat 


cggcggaatg 


4RO 


cgcaaccacc 


cggaagcgat 


gtccgaggag 


cttggcctgc 


caaacgacac 


tttcgctgta 


540 


tttggcatgt 


gcgtcggtca 


tcccgatccg 


gcacagcccg 


ccgagatcaa 


gccacgcctg 


600 


gcgcaatcag 


tggtgcttca 


ccgtgagcgc 


tatgaggcca 


ccgaggcaga 


ggcggtttca 


660 


gttgctgcct 


atgaccgaag 


gatgagcgac 


ttccaacatc 


gtcaacaacg 


cgaaaaccgt 


720 


tcctggtcca 


gccaggccgt 


ggaacgtgta 


aaaggagcgg 


attcactgag 


cggaagacac 


780 


cgcttgcgag 


atgcattaaa 


caccctaggt 


ttcggcctgc 


gctgag 




826 



<210> 3 

<211> 1066 

<212> DNA 

<213> Escherichia coli K12 nfnB in pET-28(a) (+) ," PMKS2 
<220> 

<221> CDS 

<222> (88). .(858) 

<223> coding sequence for nfnB gene 
<220> 

< 2 2 1> mis c_f e a t u r e 

<222> (250) . . (267) 

<223> cys tags 

<220> 

<221> misc_feature 

<222> (160) . . C177) 
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<223> His tags 



<220> 

<221> misc_feature 

<222> (268).. (285) 

<223> primer 



<220> 

<221> misc_feature 

<222> (996) . . (1010) 

<223> primer 



ac age age ggc ctg gtg ccg cgc gqc age cat atg get age atg act 
is Ser Ser Gly Leu val Pro Arg Gly Ser His Met Ala Ser Met Thr 



cac 

10 15 20 25 



qqt gga cag caa atg ggt cgc gga tec tgt tgc tgt tgc tgt tgc gat 
Gly Gly Gin Gin Met cTy Arg Gly Ser cys Cys cys Cys cys cys Asp 

30 35 40 

ate att tct gtc gec tta aag cgt cat tec act aag gca ttt gat gee 
He He ser val Ala Leu Lys Arg his ser Thr Lys Ala Phe Asp Ala 

45 50 55 

age aaa aaa ctt ace ccg gaa cag gee gag cag ate aaa acg eta ctg 
ser Lys Lys Leu Thr Pro Glu Gin Ala Glu Gin lie Lys Thr Leu Leu 
60 65 70 

caa tac age cca tec age acc aac tec cag ccg tgg cat ttt att gtt 
Gin Tvr ser Pro ser Ser Thr Asn Ser Gin Pro Trp His Phe lie val 
75 80 85 

gee age acg gaa gaa ggt aaa gcg cgt gtt gee aaa tec get gee ggt 
Ala Sir Thr Glu Glu Gly Lys Ala Arg Val Ala Lys Ser Ala Ala gTv 
90 95 100 105 

aat tac gtg ttc aac gag cgt aaa atg ctt gat gee teg cac gtc gtg 
Asn Tyr val Phe Asn Glu Arg Lys Met Leu Asp Ala Ser His val val 

110 115 12° 

gtg ttc tgt gca aaa acc gcg atg gac gat gtc tgg ctg aag ctg gtt 
val Phe cys Ala Lys Thr Ala Met Asp Asp Val Trp Leu Lys Leu Val 

125 130 135 

gtt gac cag gaa gat gee gat ggc cgc ttt gee acg ccg gaa gcg aaa 
val Asp Gin Glu Asp Ala Asp Gly Arg Phe Ala Thr Pro Glu Ala Lys 
140 145 150 

gee gcg aac gat aaa ggt cgc aag ttc ttc get gat atg cac cgt aaa 
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<400> 3 . . . ^ 

taatacgact cactataggg gaattgtgag eggataacaa ttcccctcta gaaataattt 

tgtttaactt taagaaggag atatacc atg ggc age age cat cat cat cat cat 114 
a Met Gly Ser Ser His His His His His 

1 5 



162 



210 



258 



306 



354 



402 



450 



498 



546 



594 




Ala Ala Asn 
155 

gat ctg cat 
Asp Leu His 
170 

gtc ggt aac 
1 II 



Bangor. ST2 5 

Asp Lys Gly Arg Lys Phe Phe Ala Asp Met His Arg Lys 

160 165 

gat gat gca gag tgg atg gca aaa cag gtt tat etc aac 
Asp Asp Ala Glu Trp Met Ala Lys Gin Val Tyr Leu Asn 
175 180 185 



- 1 - T h ct 9 «c ggc gtg gcg get ctg ggt ctg gac gcg gta 

Val Gly Asn Phe Leu Leu Gly Val Ala Ala Leu Gly Leu Asp Ala Val 

190 195 200 

ggt ttt gac gec gec ate etc gat gca gaa ttt ggt ctg 

Gly Phe Asp Ala Ala He Leu Asp Ala Glu Phe Gly Leu 

205 210 215 



ccc ate gaa 
Pro lie Glu 



aaa gag aaa 
Lys Glu Lys 
220 

age gtt gaa 
Ser Val Glu 
235 

aac ate acc 
Asn lie Thr 
250 



ggc tac acc agt ctg gtg gtt gtt ccg gta ggt cat cac 
Gly Tyr Thr ser Leu Val Val Val Pro Val Gly His His 



225 



230 



gat ttt aac get acg ctg ccg aaa tct cgt ctg ccg caa 
Asp Phe Asn Ala Thr Leu Pro Lys Ser Arg Leu Pro Gin 

240 245 

tta acc gaa gtg taa ttctctcttg ccgggcatct gcccggctat 
Leu Thr Glu vaT 
255 



ttcctctcag attctcctga tttgeataac cctgtttcag caagcttcgt catcataggc 
tgctgttgaa gcttgcggcc gcactcgagc accaccacca ccaccactga gatceggctg 
ctaacaaagc ccgaaaggaa gctgagttgg ctgctgccac cgctgagcaa taactagc 

<210> 4 

<211> 256 

<212> PRT 

<213> Escherichia coli K12 nfnB in pET-28(a) (+) ; pMKS2 



642 



690 



738 



786 



834 



888 



948 
1008 
1066 



<220> 

<221> misc_feature 

<222> (250). .(267) 

<223> Cys tags 
<220> 

<221> misc_feature 

<222> (160) . . (177) 

<223> His tags 
<220> 

<221> misc_feature 

<222> (268).. (285) 

<223> primer 
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Bangor .ST2 5 
<220> 

<221> misc_feature 
<222> (996) . . C1010) 
<223> primer 
<400> 4 

Met Gly ser ser His His His His His His Ser Ser Gly Leu val Pro 
15 10 15 

Ara Gly Ser His Met Ala .Ser Met Thr Gly Gly Gin Gin Met Gly Arg 

20 25 30 

Gly Ser Cys Cys Cys cys Cys Cys Asp He lie Ser val Ala Leu Lys 
35 40 45 

Arg His Ser Thr Lys Ala Phe Asp Ala Ser Lys Lys Leu Thr Pro Glu 
50 55 60 

Gin Ala Glu Gin lie Lys Thr Leu Leu Gin Tyr ser Pro ser ser Thr 
65 70 75 80 

Asn Ser Gin Pro Trp His Phe He Val Ala ser Thr Glu Glu Gly Lys 

85 90 95 

Ala Arg val Ala Lys ser Ala Ala Gly Asn Tyr val Phe Asn Glu Arg 

100 105 110 

Lys Met Leu Asp Ala ser His val Val val Phe cys Ala Lys Thr Ala 
115 120 125 

Met Asp Asp val Trp Leu Lys Leu val Val Asp Gin Glu Asp Ala Asp 
130 135 140 

Gly Arg Phe Ala Thr Pro Glu Ala Lys Ala Ala Asn Asp Lys Gly Arg 
145 150 155 160 

Lys Phe Phe Ala Asp Met His Arg Lys Asp Leu His Asp Asp Ala Glu 

165 170 175 

Trp Met Ala Lys Gin Val Tyr Leu Asn val Gly Asn Phe Leu Leu Gly 

180 185 190 

val Ala Ala Leu Gly Leu Asp Ala val Pro He Glu Gly Phe Asp Ala 
195 200 205 

Ala lie Leu Asp Ala Glu Phe Gly Leu Lys Glu Lys Gly Tyr Thr Ser 
210 215 220 

Leu Val Val val Pro val Gly His His Ser Val Glu Asp Phe Asn Ala 
225 230 235 240 
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Thr Leu Pro Lys ser Arg Leu Pro Gin Asn lie Thr Leu Thr Glu val 

245 250 255 

<210> 5 
<211> 1221 
<212> DNA 

<213> Pseudomonas putida JLRll prnB in pET-28(a)(+) ; pKMS6 
<220> 

<221> CDS 

<222> (88) . . (1029) 

<223> 

<220> 

<221> misc_feature 

<222> (190) . . (225) 

<223> primer 

<220> 

<221> misc_feature 

<222> (190) . . (207) 

<223> cys tag 

<220> 

<221> misc_feature 

<222> (936).. (956) 

<223> primer 

<400> 5 

taatacgact cactataggg gaattgtgag cggataacaa ttcccctcta gaaataattt 

tgtttaactt taagaaggag atatacc atg ggc age age cat cat cat cat cat 

Met Gly ser Ser His His His His His 
1 5 

cac age age gqc ctg gtg ccg cgc ggc age cat atg get age atg act 
ms ser ser Gly Leu val Pro Arg Gly ser His Met Ala ser Met Thr 
10 15 20 25 

ggt gga cag caa atg ggt cgc gga tec tgt tgc tgt tgc tgt tgc age 
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Gly Gly Gin Gin Met Gly Arg Gly Ser Cys cys cys cys Cys cys Ser 

30 35 ^ u 

ctt caa gac gaa gca etc aaa gec tgg caa gec cgt tat ggc gag cca 
Leu Gin Asp Glu Ala Leu Lys Ala Trp Gin Ala Arg Tyr Gly Glu Pro 

45 50 ->-> 

nrr aar tta cct act qcc gac acc gtg ate gcg cag atg ttg cag cat 
Ala tin leu Prl Ala Ala Asp Thr vaT He Ala Gin Met Leu Gin His 
60 65 /u 

caa tea ata cgt gec tac age gat ctt cct gtg gat gag cag atg ctg 
A?g sir Sal Arg Ala Tyr sir Asp Leu Pro VaT Asp Glu Gin Met Leu 
* 75 80 85 

anr taa aca ate aca acq gee cag tea gec teg act tec teg aac ctg 
ser Trp Ala lie All All Ala Gin ser Ala ser Thr Ser Ser Asn Leu 
90 95 100 lo:> 

caa act tag age gtg etc gee gtg egg gat cgc gag cgt etc gcg agg 
§fn Ala Trp Sir val Leu Ala val Arg Asp Arg Glu Arg Leu Ala Arg 

110 115 1^0 

ctt acc caa eta tec ggt aac cag cgc cat gtc gag cag gca ccg ctg 
SS Ala Arg Leu ser cfy Asn Gin Arg His Val Glu Gin Ala Pro Leu 

125 130 135 

ttc eta ate taa etc qtg gac tgg tea cgc eta cgc cga eta gee aga 
She ttv val Trp ilu VaT Asp Trp ser Arg Leu Arg Arg Leu Ala Arg 
140 145 1: > 0 

___ ftt raa aca cca act n Ca ggt ate gac tat tta gaa age tac acc 
Thf 25 Gin Alt Pro Thr Ala cTy He Asp Tyr Leu Glu ser Tyr Thr 
155 160 165 

gtc ggt gtt gta gat gca get ctg gee get cag aac gee gca eta get 
val Gly val val Asp Ala Ala Leu Ala Ala Gin Asn Ala Ala Leu Ala 
170 175 180 ±OD 

ttr nan acc caa aaa eta aaa ate gtt tac ate ggc gga atg cgc aac 
Phe i?2 ?la Gin Hy 28 Hy He val Tyr He gT Y G Ty Met Arg Asn 

190 195 

rar rrn naa GC q ata tec aaq gag ctt ggc ctg cca aac gac act ttc 
5is So GlS All Set ief GIG Glu Leu G?y Leu Pro Asn Asp Thr Phe 

205 210 ^J- 5 

act ata ttt aac atg tgc gtc ggt cat ccc gat ccg gca cag ccc gee 
Ala val Phe Gly Met Cys val G Ty His Pro Asp Pro Ala Gin Pro Ala 
220 225 "° 

aaa ate aaa cca cac ctq qcg caa tea gtg gtg ctt cac cgt gag cgc 
Glu lie Lys Prl 1% LeG All Gin Ser vaT vaT Leu His Arg Glu Arg 
235 240 245 

88 fiS ?S c r K BS i?S JEH 8Sf IS ?S fiS JRS 5f BS g| 

2^0 255 260 Z65 

agg atg age gac ttc caa cat cgt caa caa cgc gaa aac cgt tec tgg 
Arg Met ser Asp Phe Gin His Arg Gin Gin Arg Glu Asn Arg Ser Trp 

270 275 280 

tec age cag gec gtg gaa cgt gta aaa gga gcg gat tea ctg age gga 
ser sir Gin Ala VaT Glu Arg Val Lys Gly Ala Asp ser Leu Ser Gly 

285 290 295 

aga cac cgc ttg cga gat gca tta aac acc eta ggt ttc ggc ctg cgc 
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258 



306 



354 



402 



450 



498 



546 



594 



642 



690 



738 



786 



834 



882 



930 



978 



1026 




Bangor. ST2 5 

Arg His Arg Leu Arg Asp Ala Leu Asn Thr Leu Gly Phe Gly Leu Arg 
300 305 310 

tga gatagtgaga tatcccatgc ctattcccgc cgccctgaac cggagcacta 1079 

atacctggca actttgcttg agctccgtcg acaagcttgc ggccgcactc gagcaccacc 1139 

accaccacca ctgagatccg gctgctaaca aagcccgaaa ggaagctgag ttggctgctg 1199 

ccaccgctga gcaataacta gc 1221 

<210> 6 

<211> 313 

<212> prt 

<213> Pseudomonas putida 3LR11 prnB in pET-28(a)(+) ; pKMS6 
<220> 

<221> miscjFeature 

<222> (190).. (225) 

<223> primer 
<220> 

<221> miscfeature 

<222> (190) . . (207) 

<223> cys tag 
<220> 

<221> mi s cofeature 

<222> (936) . . (956) 

<223> primer 

<400> 6 

Met Gly ser Ser His His His His His His ser ser Gly Leu Val Pro 
1 5 10 15 

Arg Gly ser His Met Ala Ser Met Thr Gly Gly Gin Gin Met Gly Arq 

20 25 30 

Gly ser cys cys cys cys Cys Cys Ser Leu Gin Asp Glu Ala Leu Lys 
35 40 45 

Ala jrp Gin Ala Arg Tyr Gly Glu Pro Ala Asn Leu Pro Ala Ala Asp 
50 55 60 

Thr val He Ala Gin Met Leu Gin His Arg ser Val Arg Ala Tyr Ser 
bb 70 75 ^ 80 
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w Bangor. ST25 . _ , 

Asp Leu Pro Val Asp Glu Gin Met Leu Ser Trp Ala He Ala Ala Ala 

85 90 

Gin ser Ala Ser Thr Ser ser Asn Leu Gin Ala Trp ser Val Leu Ala 

100 105 

val Arg Asp Arg Glu Arg Leu Ala Arg Leu Ala Arg Leu Ser Gly Asn 
115 120 

Gin Arg His val Glu Gin Ala Pro Leu Phe Leu Val Trp Leu val Asp 
130 135 

Trp ser Arg Leu Arg Arg Leu Ala Arg Thr Leu Gin Ala Pro Thr Ala 
145 150 

Gly He Asp Tyr Leu Glu ser Tyr Thr Val Gly val val Asp Ala Ala 

165 - L/u 

Leu Ala Ala Gin Asn Ala Ala Leu Ala Phe Glu Ala Gin Gly Leu Gly 

180 185 

He val Tyr He Gly Gly Met Arg Asn His Pro Glu Ala Met ser Glu 

Glu Leu Gly Leu Pro Asn Asp Thr Phe Ala Val Phe Gly Met cys val 
210 215 " u 

Gly His Pro Asp Pro Ala Gin Pro Ala Glu lie Lys Pro Arg Leu Ala 
225 230 « 3 

Gin ser val val Leu His Arg Glu Arg Tyr Glu Ala Thr Glu Ala Glu 

245 

Ala val ser val Ala Ala Tyr Asp Arg Arg Met Ser Asp Phe Gin His 

260 265 

Arg Gin Gin Arg Glu Asn Arg Ser Trp Ser Ser Gin Ala val Glu Arg 

val Lys Gly Ala Asp Ser Leu ser Gly Arg His Arg Leu Arg Asp Ala 
2 ^) 

Leu Asn Thr Leu Gly Phe Gly Leu Arg 
305 310 

<210> 7 
<211> 24 
<212> DNA 

<213> Escherichia coli 
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<400> 7 

ggatccgata tcatttctgt cgcc 



Bangor. ST2 5 



<210> 8 
<211> 27 
<212> DNA 

<213> Escherichia coli 
<400> 8 

cgtcatcata ggctgctgtt gaagctt 

<210> 9 

<211> 42 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Primer consisting of nfnB gene primer shown in SEQ ID4 with 
ditionai 6 cysteine codons 

<400> 9 

ggatcctgtt gctgttgctg ttgcgatatc atttctgtcg cc 
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